Design Feature 



Spice model makes 
it easy to design 
with PWM amplifiers 



Yu Jen Wong, Apex Microtechnology Corp 



The recent availability of 
high-voltage and high-cur- 
rent PWM amplifiers in 
hybrid packages has attract- 
ed the interest of many 
designers who traditionally 
use linear amplifiers. The 
advantage of PWM ampli- 
fiers is obvious: efficiency of 
70 to 97%. High efficiency 

translates to lower internal power loss, smaller heat sinks, and 
reduced overall physical size. 

To make it easier to design with these amplifiers, a simple 
and versatile generic PWM Spice model lets you check out 



High-efficiency PWM amplifiers are displacing 
linear designs in many applications. You can 
design a constant-current or a constant- 
voltage PWM amplifier with the aid of a 
simple yet versatile Spice model. 



PWM waveforms without 
the fear of blowing up the 
amplifiers or getting shocked 
by high voltages. The 
methodology behind gener- 
ating such a model applies 
not only to hybrid PWM 
amplifiers, but also to mono- 
lithic and discrete PWM 
amplifiers. The inputs to the 
model come from the PWM amplifier's data sheet, and you 
can run the model on any commercial Spice program. 

Even though a PWM amplifier offers analog signals in and 
analog signals out, its circuit functionality is entirely differ- 
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A PWM amplifier (a) converts an analog signal into a pulse train of variable duty cycle (b). AOUT and BOUT can directly drive 
a dc motor, but most other loads require additional LC filtering. 
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Figure 2 
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ent from a linear amplifier's. A 
PWM amplifier modulates a pulse 
train in the time domain and uses 
LC filtering to extract the analog- 
signal output. You can use PWM 
amplifiers to emulate linear con- 
stant-voltage amplifiers or linear 
constant-current amplifiers, both 
at much higher levels of efficien- 
cy. 

If you're unfamiliar with how a 
PWM amplifier works, you're not 
alone. Just like op amps, PWM 
amplifiers come in many sizes 
and flavors, some with fancy bells 
and whistles. Fortunately, the 
amplifiers all operate under the 
same principle. 

A PWM amplifier converts an 
analog signal into a pulse train of 
variable duty cycle. The analog 
input controls the duty cycle of 
the output pulse train, which 
switches on and off once during 
each cycle. When a high output is 
necessary, the pulse train switch- 
es on most of the time and vice 
versa. 

Figure la shows a basic PWM amplifier. Vin is the analog 
input of 1 to 8V dc. AOUT is a pulse train, and BOUT is its 
inverse. The PWM oscillator determines the frequency of the 
pulse train, and some PWM amplifiers allow you to put in 
your own PWM oscillator. As Vin changes from its minimum 
to its maximum value, the duty cycle of AOUT changes from 
to 100%, and the duty cycle of BOUT changes from 100 to 
0%. The difference voltage of AOUT-BOUT has the same 
pulse train as AOUT but with double the amplitude of 2X Vs 
p-p (Figure lb). 

If you connect a dc brush-type motor across AOUT and 
BOUT, you can control the motor speed with Vin. When you 
set Vin in the middle of its range, for 50% duty cycle at AOUT 
and BOUT, the motor stands still. With Vin at its maximum, 
the motor turns at maximum rpm; with Vin at its minimum, 




ISENSE A 




In the PWM-amplifier model, E1 serves as a comparator that 
converts the PWM ramp as it crosses Vin into a variable-duty- 
cycle pulse train. 



A generic Spice model of a PWM amplifier includes a fixed-frequency ramp (VI), a com- 
parator (El), an inverter (XI), and M0SFET drivers (SI to S4) and their respective on resis- 
tances (R1 to R4). 

the motor reverses direction of rotation and turns at maxi- 
mum rpm again. You can directly connect AOUT and BOUT 
to a motor because the winding inductance of the motor 
turns the pulsed voltage into a rippled dc current whose mag- 
nitude controls the motor speed and whose polarity controls 
the clockwise or counterclockwise direction of the motor. As 
Figure la indicates, most other applications need LC filters 
to filter out the PWM pulse train to ensure that an analog sig- 
nal appears at the load. 

Use a generic Spice model 

Figure 2 shows the generic Spice subcircuit model of a 
PWM amplifier. VI is a ramp of fixed frequency. El serves as 
a comparator that converts the PWM ramp as it crosses Vin 
into a variable-duty-cycle pulse train (Figure 3). S5, VS, S6, 
and V6 limit the amplitude of the pulse train to ±5V. Sl/Rl, 
S2/R2, S3/R3, and S4/R4 represent the four MOSFET drivers 
for which Rl, R2, R3, and R4 are the respective on-resistances. 
The four MOSFETs always turn on and off in diagonal sets, 
that is, when SI and S4 are on, S2 and S3 are off and vice versa. 
The inverter XI provides the diagonal switching control. 
ISENSE A and ISENSE B are current-sensing terminals, usual- 
ly available at two output pins for current-feedback control 
circuitry. For open-loop operation or for voltage-feedback 
control, just connect ISENSE A and ISENSE B to ground. 

When an external load connects between AOUT and 
BOUT, current flows from Vs to ground through one of two 
routes: Vs to Sl/Rl, to an externally connected load between 
AOUT and BOUT, to S4/R4, and then to ground or Vs to 
S3/R3, to the external load, to S2/R2, and finally to ground. 
The voltage across the load actually doubles the Vs voltage. 
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For example, when Vs=100V, the voltage across the load is 
200V p-p. This voltage-doubling feature is another advantage 
PWM amplifiers offer for high-voltage applications. To dou- 
ble voltage using linear amplifiers you must use two linear 
amplifiers in a bridge-mode configuration. 

Design example: constant -current amplifier 

You commonly use constant-current amplifiers for appli- 
cations such as motor-torque control and battery chargers. 
You can use the model and the specifications of a commer- 
cial PWM amplifier — in this case, the Apex (www. 
apexmicrotech.com) SA50— to design a constant-current 
amplifier (also called a voltage-to-current converter). You 
start out with the following specifications from the SA50 data 
sheet: 

Analog input voltage/output duty cycles: 
Vin=4V; AOUT=0% and BOUT=100% 
Vin=6V; AOUT=50% and BOUT=50% 
Vin=8V; AOUT=100% and BOUT=0% 
switching frequency: 45 kHz. 
MOSFET on-resistance: 0.511 total or 0.25O each 
The analog input voltage range of 4 to 8V dc and the 



Figure 4 
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The analog input-voltage range and the switching frequency 
(in this case, 4 to 8V and 45 kHz, respectively) determine the 
waveform of the PWM ramp. 



Figure 5 
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NOTES: 

Ein: -10TO+10V. 
Ifl-Qad)/Ein=-0.5A/V. 




Combining the generic Spice model with the specifications for the SA50 PWM amplifier, you can use the model to simulate a 
voltage-controlled, constant-current amplifier 



EDN August 17, 1998 * 141 



PWM AMPLIFIERS 



Design Feature 



switching frequency of 45 kHz deter- 
mine the waveform of the PWM ramp 
(Figure 4), which VI in Figure 2 pro- 
duces. You can describe this waveform 
as a constant-voltage source in any 
commercial Spice program, such as 
Intusoft's (www.intusoft.com) Model 
ICAP/4Rx V8.8.1. You enter Vl's para- 
meters as manual-driven inputs, and 
this Spice program automatically gen- 
erates the following statement for VI: 
VI 12 0PULSE4 8011.1E-611.1E-61E- 
12 22.2E-6, where "12 0" designates the 
two nodes for VI. 

The MOSFET on-resistance of 0.2511 
determines the values of Rl, R2, R3, and 
R4. The addition of Rq=600fl and 
Vcc=12V model the SA50 amplifier's 
quiescent current and the low-voltage 
power supply necessary to power the H- 
bridge drive circuitry. 

Figure 5 shows the complete Spice 
subcircuit for the SA50. This basic SA50 
can drive a bidirectional motor for 
which Vin controls the motor speed 
and direction of rotation. You can add 
LC filters that let you drive other loads. 
Even when driving a motor, LC filters 
next to the amplifier module are useful 
for EMI and EMC purposes. Without fil- 
ters, the long cables to the motor carry 
high-voltage switching pulses and act 
as antennas. Because the waveform 
across AOUT and BOUT is a pulse train 
of variable duty cycle and because Vin, 
the analog input signal, controls the 
pulse train's duty cycle or pulse width, 
you must first filter the PWM pulse train 
to extract the analog output signal. 

In Figure 5, the load comprises Rload 
and Lload. LI, C4, L3, and C5 form a 
lowpass filter with a cutoff frequency 
(Fc) of 4.5 kHz to filter out the SA50 
amplifier's 45-kHz PWM pulse train. A 
rule of thumb is to set the LC filter's cor- 
ner frequency one decade below the 
PWM frequency. Of course, you can 
push the corner frequency higher by 
using multiple-pole LC filters. The 
equations to calculate filter LC values 
are as follows: 



Figure 6 
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The LC filter's frequency response differs with and without the matching network. 



Figure 7 
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Ignoring the feedback circuitry of X3 and X4, a 1-kHz, 3.5V p-p sine wave with off- 
set at Vin produces a 120V p-p sine wave across the load. 



Ll = L3 . 



1 .4142 x Rload 
27txFc 



C4 = C5 = 



0.7071 



2jcx Fcx Rload 



x0.5, 



-x2. 



(1) 



(2) 



Because of the filter's differential configuration, these equa- 
tions include a x0.5 factor for Ll and L3 and a X2 factor for 
C4 and C5. In this example, Rload=16il, and Fc=4.5 kHz, so 
L1=L3=400 \j.H, and C4=C5=3.1 (jf. Because the load for this 
example is inductive, adding the matching network of R17 
and C8 creates a combined load of 1611. The equations for 
R17 and C8 are as follows: 
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C8 



R17=Rload, 
Lload 



Rload^ 



(3) 
(4) 



In this example, Lload=l mH, and Rload=16fi, so C8=3.9 
(xF, and R17=16il. Similarly, if you have a capacitive load, you 
can use a LC matching network to make the combined load 
resistive, for which 



L = CloadxRload 2 . 



(5) 



Figure 6 shows the frequency response of the filter with 
and without the matching network. Ignoring the feedback 
circuitry of X3 and X4, a 1-kHz 3.5V p-p sine wave with 6V- 
dc offset at Vin produces a 120V p-p sine wave across the load 
(Figure 7). 

To complete the design of a constant-current amplifier, 



you must have some means of sensing the load current and 
provide feedback control in case of a load change. Ra and Rb 
are the two current-sensing resistors. Op amp X4 and its asso- 
ciated components serve two purposes: first, as a difference 
amplifier with a gain of 20 that converts the current differ- 
ence between Ra and Rb into a voltage output of -0.5A/V and, 
second, as a lowpass filter comprising CI, C2, C6, and C7 that 
filters the ripple currents in Ra and Rb with a corner fre- 
quency of 4.5 kHz. The design equations are as follows: 



GAIN = 



R9 



RIOxRa 



A/V, 



C6 = C7 = 



2ttxR13xFc' 



CI = C2 = 



J 

2nxR10xFc' 



(6) 



(7) 



(8) 



Listing 1-PWM constant-current-amplifier Spice circuit 



"Jmvb V(il V(25l 8MU! aWlp) V<3> miU\ SRltpJ Vt*t 
*B»aV* VC29I <3R35i) 9R3Ip] V{7} V(l9> 3R2[i) 8S2[p] V(9J 
*K*bvo BVs | i ) IU_lp! V(10> 3S4fU |»4[pi V(U) «S2 £i] 3S2fp] 
•iSafflve @S3{iS 033ip) 251[i] 331 [p] V(i2) 3V1U) 3Vl[p] V<U! 

■#*»in Vila) SEi(i| PSMpI ivVJi) $v$f P ! vm latfm 3ssi P ) 

*#3*v* ?V6tiJ SVSJeI Vtl7) gRloadli] 3RloadIp) 2Llodd[iJ 3Rb[i} 3Rk[p} 

■Isavt ftlbilij @Ra(p] V(16) Vfl4) V[20] V(21> 3RS[ij ?R8[p) 

•taavc 8R9[i} 3>B?lp] 9R10U1 3Rl4)(p3 9Rll(p] 3V3[i! 3V3 . P ) 

'^saui BClfil 9C2[i) V<24) V(ifi) V|Jt6| _M.SU] @R12fc) (V_lnlil 

'Ksay< SVEdnCpj SC3 fi J Wf4U| t«U(p) 3S5[p] V(15j V(30) 

•ss a: V(2) 3L1UI 3L3[i) 3C4UJ 8C5[t) SRUIi) 3JU3tpJ SC6(il 

•ffaav* BfiI5UJ SR15|pi 2c7[i) V(23> V(2J»! v(6> V(4| v(21i 

«ft_*ve V(22> SV2UJ 3V2tp) VJ27) fiVcc'lj SVcc JpJ SRqliJ 3R<*fp] 

* Rsauo V128) i>R17[i] 9Rl7[p] 3cS[i] gfl tcud I i ] 
*HVISW TRAK VI 

T3 3Plo.=id(i| 
. TRfvf.' 22.2E-9 4G00S-6 22.2E-B UIC 
.PRINT TRAM Yl 

(U 3 21 0.2.5 
S3 5 -9 0,2 5 
K2 7 ' 0.25 
Vs ■ ; DC -so 
H 20 1 ID _34_mod 

.^DEL _S4_rood 5V; V^S.S ROH-1E-9 ROFF*-lE9 

52 23 7**1J __32__raad 

. MODEL S2_»od SW VT ■ 2 . 5 RO.'J-'lE-S RQET-1E9 

53 S 4 II fj 3a_ri 

.tiODEt __S.3_.nod %-Jt VT-2.5 RON' - IE- 9 ROPF-1E& 

a] a 9 £4 i »l twa 

. rtO D EL . mod 3K VT:-2.5 R0«»" IE," 
3CI 11 3.0 Jfiv ( ! 
,S0_CKt Tr:v t 2 

* in out 
.30V HMl! 



CO 



;:ds 



11.1E-6 U.IE-6 1E-12 22. 2E-S 



VI 12 PULSE 4 
El 13 12 IS 159 

*«««v« t?Eiiij Ifeafy! 

:.i 23 i 400U 
V5 15 DC i 
56 3 1 fl Q 13 _S6_ir.0d 

. HODEL _S5__.r.od SW VW . 5 R0FF^1E9 

V6 9 8 DC & 
Rlo.ia 1? 6 16 
¥3 22 CC "12 
',io^d 4 .7 Uq 
fth 25 D.l 
19 0.1 
X4 ;6 I ; 20 21 22 PA21 ( j 
.SU5CXT ?A21 12 3 4 5 

* pihout oaysR Hji -HI cut +v ~v 



01 10 

32 11 



CI 12 



9 sn 

rj 012 
7 . 392-+Q3 
7.39E+03 
3. 61E-05 
2.7 3E-I2 
RS 12 c j !,] 1E+06 
Fl 1 ID S.eSE+C3 
R2 'I .1 8.«iE*Lf3 
C2 1Q 11 2.0061-12 
! 1 I 5 3.7CE-02 
SI 6 15 11 id l,13E-04 
G2 fi 15 12 UJ 6.3SEI-09 

« IS l.OOC+Oi 
01 6 lb DD 
D2 IS G DD 



C3 6 7 3.00E-11 

C3 15 7 15 6 

R7 7 15 1E3 

D3 7 16 DD 

VI 18 16 1.60E+00 

D4 17 7 DD 

V2 17 19 1.60E+OQ 

RE1 15 0.001 

E2 IS 4 1 

E3 19 5 1 

R8 7 20 50 

C4 20 15 3. 

Q3 19 20 21 OOP 

Q4 18 20 22 Q0.\' 

05 4 23 29 0O!J 
Q6 5 24 3 COP 
Q7 25 27 31 OUI 
08 26 26 31 QLB 
Rll 21 23 1.70E-01 
RCLP 29 31 1.70E-01 
RCUM 30 31 1.70E-01 
R13 22 24 1.70E-01 

06 2 3 25 DL 
D6 2 6 24 DL 
R9 27 29 li3 

fee 30 iE3 

13 18 23 7.92E-03 

14 24 19 7.92E-03 
R15 31 3 5, 42E-01 
BSK 3 34 L 

CSH 34 5 0. IE- 6 

, MODEL DO 0(CJO=0.1PF IS^E-H) 
-X0DEL DL D(CJO=3PF IS^1E-13) 
.MODEL gil pt» (BF--6.S5E+02 IS-BE-161 
.MODEL Q12 KPN (BF»<>24£+02 IS-9.46E-16) 
.MODEL CQP PN? (Bf»4 . 64E+02 IS J -1£-14) 
.MODEL Q3N N'PW CBF-4.64E+02 iS-lE-14) 
.MODEL QLK KPN i B; .00 IS-1E-14I 
.MODEL QLP FMP {BE^lOO IS=1E-14) 
. ENDS 

B9 16 30 10K 

14 2 10K 
RIO 14 20 200K 
Rll 16 200K 
Vcc 27 
V3 21 BC-li 
CI 16 iSQp 
02 14 20 180p 

27 600 
X3 24 11 21 22 PA21 i ) 
R12 24 26 10X 
VEiji 26 DC=10 
C3 18 24 71n 
S5 15 il 13 S5_mod 

. MODEL ms*~W VT-2.5 ROK = lE-9 ROF?-l 

L3 29 6 40QU 
RZ4 24 20 10K 
C4 4 3.1u 
CS> 6 3. Ui 
R17 28 6 16 
R13 30 25 100 
C€ 30 0.35u 
CB 4 28 3.5u 
R15 2 19 100 
C7 Z 0,35u 

.mm 
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To minimize power losses, you should choose Ra and Rb 
values of 0.01 to 0.1ft. In this example, Fc=4.5 kHz. R8=R9=10 
kft. To minimize loading effects, these resistors must be much 
greater than R13=R15=100ft. Substituting these values into 
Equation 7 and Equation 8, C6=C7=0.35 (jlF, and 
C1=C2=180 pF. Choosing R10=200 Ml, Equation 6 yields a 
gain of -0.5 A/V. 

X3 is an integrator that compares the error voltage from 
X4 with the input voltage Ein and provides the correct input 
voltage for the SA50 amplifier to close the feedback loop. The 
design equations for the integrator are as follows: 

R12 = R14, (9) 



27rx(0.05Fc)xR12' 

You can complete the design by choosing R12=R14=10 kft 
and C3=71 nF (Figure 6). 

You can now run the Spice program. The load current 
waveforms (Figure 8) are as expected. Note that there is a 
small error between the Spice output and the expected value. 



Figure 9 



For example, with Ein=10V, the expected output current 
should be -5A, but Figure 8 shows -4.8A. This difference is 
because of the loss resulting from the 0.2511 MOSFET's on- 
resistance. If you set the on-resistance to zero, you get exact- 
ly -5A. Listing 1 is the complete Spice circuit description for 
the constant-current amplifier. 

Constant-voltage amplifier 

In applications such as audio-speaker drivers, motor-speed 
control, and power inverters, you need a constant voltage 
amplifier. You can use the Apex SA02 to design a high-effi- 
ciency, high-power PWM audio-speaker driver. The SA02 data 
sheet lists the following specifications: 
Analog input voltage/output duty cycles: 
Vin=1.25V; AOUT=0%, BOUT=100% Vin=2.50V; 
AOUT=50%, BOUT=50% Vin=3.75V; AOUT=100%, 
BOUT=0% switching frequency: 250-kHz 
MOSFET on-resistance: 0.4211 total or 0.2111 each. 

The LC filter design is similar to that of the constant-cur- 
rent amplifier except the LC filter requires no matching net- 
work because of the 8fl resistive load (Figure 9a). The SA02 
amplifier's PWM frequency is 250 kHz, so the design sets the 
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Ein: -6.5VTO+6.5V. 
E(Rload)/Ein=-10V/V. 

SAME MODEL AS FIGURE 5, EXCEPT Rq=17m AND R1 TO R4=0.2m. 
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A similar model using specifications from the SA02 amplifier is part of a constant-voltage feedback amplifier (a). The output 
sine wave takes about 50 (isec to stabilize (b). 
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LC filter's corner frequency to 25 kHz. 
The design of the difference amplifier 

X4) is somewhat different, however. 
This constant-voltage amplifier config- 
uration senses the output voltage, not 

he output current. The voltage at 
\OUT and BOUT is much higher than 

he voltage across the current-sensing 

esistors in the previous example. 
Instead of boosting the gain, resistor 
dividers lower the sense voltage to lev- 
els that a small signal amplifier can han- 
dle. The integrator's (X3) time constant 
is faster to provide the frequency 
response necessary for audio applica- 
tions. The SA02 audio-speaker driver 
has a -10V/V voltage gain and a 10-kHz 

Spice-simulation runs indicate the load- 
current waveforms of the constant-cur- 
rent amplifier for various values of Ein. 



Figure 8 
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power bandwidth. Figure 9b shows the cir- 
cuit's input and output waveforms. Note that 
it takes about 50 /xsec for the output's sinewave 
to stabilize. 

The SA02 has many bells and whistles, such 
as thermal sensing and external-logic shut- 
down, that the generic model does not imple- 
ment. A design engineer can easily analyze 
these independent features with a paper and 
pencil. However, this simple yet versatile 
model makes it easy to model the main PWM 
function when manual analysis of this feed- 
back-control circuit becomes unmanageable. 
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